The onset of spontaneous seizures in the pilocarpine model of epilepsy causes a hyperpolarized shift in the voltage-dependent activation of hyperpolarization-activated cyclic nucleotide-gated (HCN) channel-mediated current (I h ) in CA1 hippocampal pyramidal neuron dendrites, contributing to neuronal hyperexcitability and possibly to epileptogenesis. However, the specific mechanisms by which spontaneous seizures cause downregulation of HCN channel gating are yet unknown. We asked whether the seizure-dependent downregulation of HCN channel gating was due to altered phosphorylation signaling mediated by the phosphatase calcineurin (CaN) or the kinase p38 mitogen-activated protein kinase (p38 MAPK). We first found that CaN inhibition upregulated HCN channel gating and reduced neuronal excitability under normal conditions, showing that CaN is a strong modulator of HCN channels. We then found that an in vitro model of seizures (1 h in 0 Mg 2ϩ and 50 M bicuculline at 35-37°C) reproduced the HCN channel gating change seen in vivo. Pharmacological inhibition of CaN or activation of p38 MAPK partially reversed the in vitro seizure-induced hyperpolarized shift in HCN channel gating, and the shift was fully reversed by the combination of CaN inhibition and p38 MAPK activation. We then demonstrated enhanced CaN activity as well as reduced p38 MAPK activity in vivo in the CA1 hippocampal area of chronically epileptic animals. Pharmacological reversal of these phosphorylation changes restored HCN channel gating downregulation and neuronal hyperexcitability in epileptic tissue to control levels. Together, these results suggest that alteration of two different phosphorylation pathways in epilepsy contributes to the downregulation of HCN channel gating, which consequently produces neuronal hyperexcitability and thus may be a target for novel antiepileptic therapies.
Introduction
Inherited and acquired alterations in the properties of various ion channels are associated with epileptogenesis, the development of the epileptic state (Steinlein, 2004; Beck and Yaari, 2008) . In hippocampal and neocortical pyramidal neurons, hyperpolarizationactivated cyclic nucleotide-gated ion channels (HCN channels) are predominantly localized to the apical dendrites, where they play an important role in integrating synaptic inputs and attenuating neuronal excitability (Magee, 1998) . Several studies have shown that loss or downregulation of HCN channels produce neuronal hyperexcitability and contribute to epileptogenesis after either genetic deletion or an acquired insult to the CNS (Ludwig et al., 2003; Shah et al., 2004; Zhang et al., 2006; Huang et al., 2009; Wierschke et al., 2010) . We have recently described that loss of HCN channel function after pilocarpine-induced status epilepticus (SE) consists of two separate mechanisms: a loss of HCN channel expression that was independent of spontaneous seizures, and a progressive downregulation of the gating of the remaining HCN channels that was seizure-dependent . This seizure-dependent change in HCN channel gating produced increased neuronal excitability and was hypothesized to contribute to epileptogenesis in a positive feedback fashion often described as "seizures beget seizures" (Ben-Ari et al., 2008) . However, the specific mechanisms by which spontaneous seizures cause downregulation of HCN channel gating are yet unknown.
Phosphorylation signaling modulates HCN channel properties, with prior studies showing that the gating of HCN2 and HCN4 isoforms is sensitive to inhibition of protein tyrosine kinases or the phosphatases PP1 and PP2A (Yu et al., 1995; Yu et al., 2004; Arinsburg et al., 2006) . Our previous work showed that HCN channels in hippocampal pyramidal neuron dendrites (largely consisting of the HCN1 isoform) were bidirectionally modulated by p38 mitogen-activated protein kinase (p38 MAPK), with kinase activation upregulating gating, while kinase inhibition downregulated it (Poolos et al., 2006) . Calcineurin (CaN, PP2B) is a Ca 2ϩ /calmodulin-dependent serine/threonine phosphatase that is highly expressed in the CA1/CA3 regions of the hippocampus and in the dentate gyrus (Yakel, 1997; Zhuo et al., 1999) . CaN has been shown to be acutely upregulated after pilocarpine-or hypoxia-induced seizures (Kurz et al., 2001; Sanchez et al., 2005) . Thus, we hypothesized that seizure-dependent downregulation of HCN channel gating might be due to CaN activation or loss of p38 MAPK activity.
In this study, we found that CaN inhibition upregulated HCN channel gating and decreased neuronal excitability under normal conditions, showing that CaN is a strong modulator of HCN channels. We then found that an in vitro model of seizures replicated the downregulation of HCN channel gating observed in vivo after pilocarpine-induced SE. Pharmacological inhibition of CaN or activation of p38 MAPK partially reversed the seizureinduced hyperpolarized shift in HCN channel gating both in the in vitro model and in pyramidal neurons from chronically epileptic animals. Finally, we demonstrated that there was enhanced CaN activity as well as reduced p38 MAPK activity in hippocampal area CA1 from chronically epileptic animals, and that pharmacological reversal of this abnormal phosphorylation signaling restored pyramidal neuron excitability to control levels. Together, these results suggest that alteration of two different phosphorylation pathways contribute to downregulation of HCN channel gating in an animal model of epilepsy.
Materials and Methods
Electrophysiology and data analysis. Male Sprague Dawley rats (Charles River) were housed in a temperature-controlled vivarium on a 12 h light/ dark cycle, with food and water ad libitum. All animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Washington, and conformed to National Institutes of Health guidelines. Hippocampal slices (400 m) were prepared from 6-to 10-week-old rats in the manner described previously . In brief, after sectioning, slices were incubated for 10 min in a holding chamber at 34°C and then held at room temperature for 1 h until being moved to a submersion-type chamber at 30 -32°C for recordings. The extracellular incubation and recording solutions contained the following (in mM): 125 NaCl, 25 NaHCO 3 , 10 dextrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 2 MgCl 2 , pH 7.4 (bubbled with 95% O 2 and 5% CO 2 ). The pipette solution for whole-cell current-clamp recordings consisted of the following (in mM): 120 KMeSO 4 , 20 KCl, 10 HEPES, 4 Na 2 -ATP, 2 MgCl 2 , 0.3 Tris-GTP, 0.2 EGTA, pH 7.3 with KOH. The pipette solution for cell-attached voltage-clamp patch recordings contained the following (in mM): 120 KCl, 20 tetraethylammonium-Cl, 10 HEPES, 5 4-aminopyridine, 2 CaCl 2 , 1 MgCl 2 , 1 BaCl 2 , pH 7.4 with KOH. Pyramidal neurons were visualized with differential interference contrast microscopy on a fixed-stage microscope (Zeiss Axioskop). Recordings were accepted for analysis if neurons had resting potentials of at least Ϫ56 mV. Whole-cell current-clamp recordings were obtained using a Dagan BVC-700 amplifier, sampled at 10 kHz, and filtered at 2 kHz. Cell-attached patch-clamp recordings in voltage-clamp mode were obtained using an Axopatch 200B amplifier (Molecular Devices), sampled at 2 kHz, and filtered at 500 Hz. Patch pipettes were made from borosilicate glass and pulled with a Sutter P-87 micropipette puller. Pipette resistance was between 5 and 13 M⍀ for cell-attached recordings or between 5 and 7 M⍀ for whole-cell recordings. For cell-attached recordings, pipettes were coated with Sylgard (Dow Corning) to reduce pipette capacitance. Data from whole-cell recordings were used if the series resistance was Ͻ40 M⍀. Voltage-dependent activation of I h was measured by normalizing the peak tail current amplitudes to a Ϫ40 mV voltage command after steady-state activation by various command voltages. This current-voltage relationship was fitted with a Boltzmann function to calculate the half-maximal activation voltage (V 1/2 ). All data collection and analysis were performed with custom software written for the Igor Pro 4.09 analysis environment (Wavemetrics). EPSPs were simulated by the use of current injections in the form of an ␣ function: I ϭ I max (␣t)(1 Ϫ e Ϫ ␣t ), where ␣ ϭ 1.67 and I max was set to produce a waveform peak of ϳ2 mV. This waveform produces a reasonable approximation of an EPSP using current injection. Temporal summation (TS) was calculated as the ratio of the peak amplitude of the fifth response to that of the first. Membrane potentials were not corrected for calculated liquid junction potentials of 2 mV (cell-attached recordings) or 9 mV (whole-cell recordings). All chemicals were obtained from Sigma or Fisher Scientific unless otherwise stated. ZD7288 (Tocris Bioscience) and bicuculline (Axxora) were prepared from an aqueous stock solution and applied in the bath. For stock solutions, anisomycin, FK506 and A23187 were first dissolved in DMSO and applied in the bath such that the final DMSO concentration was Ͻ0.1%.
Pilocarpine model. The course of pilocarpine-induced SE has been previously described (Arida et al., 1999; Jung et al., 2007) . Briefly, male Sprague Dawley rats (Charles River) weighing between 150 and 200 g were given scolpolamine methylnitrate (1 mg/kg, i.p.; Sigma) 30 min before intraperitoneal administration of pilocarpine hydrochloride (385 mg/kg; Sigma) to induce SE. Within the first 15 min after pilocarpine administration, animals exhibited intense salivation, immobility, facial twitching, eye blinking, and head nodding. After 15-60 min, animals showed increased head tremors with forelimb clonus, rearing and falling with generalized convulsions, consistent with SE. After an hour in SE, seizures were terminated with diazepam (DZ; 12 mg/kg, i.p.; Hospira) delivered every 20 min as needed. Animals were observed for 24 h after termination of seizures. To prevent dehydration, Lactated Ringer's solution was subcutaneously injected as needed in the first 24 h.
In vitro seizure model. Hippocampal slices (400 m) from naive animals weighing between 150 and 200 g were perfused with modified extracellular recording solution containing 0 Mg 2ϩ and 50 M bicuculline for 1 h at 35-37°C to provoke seizure-like events (SLEs). During perfusion, extracellular recordings were performed in stratum pyramidale with patch pipettes made from borosilicate glass that were pulled with a Sutter P-87 micropipette puller and filled with a 2 M NaCl solution. Recordings were not DC-filtered, which allowed measurement of slow current sinks or sources. To exclude effects due to temperature, a sham condition was included in which slices were kept in a chamber at 35-37°C for 1 h, but with extracellular solution containing normal Mg 2ϩ and no bicuculline. Following the perfusion, the bath was switched to normal solution and temperature was reduced to 30 -32°C. Patch-clamp recordings were made within 3 h of the initial seizure or sham conditions. Each slice was monitored to ensure that SLEs were present in those recordings used for analysis.
Western blotting. Hippocampal slices prepared from epileptic and agematched control animals were incubated for 10 min in a holding chamber at 34°C, then held at room temperature for 1 h before incubation for 1 h with pharmacologic agents at 30 -32°C. They were then immediately frozen on dry ice and stored at Ϫ80°C until processing. The CA1 subregions were then microdissected on dry ice. The tissue samples were homogenized in 300 l of homogenization buffer containing the following (in mM): 50 Tris-HCl, pH 7.5, 50 NaCl, 10 EGTA, 5 EDTA, 2 sodium pyrophosphate, 4 para-nitrophenylphosphate (pNPP), 1 sodium orthovanadate, 1 phenylmethylsulfonyl fluoride (PMSF), 20 g/ml leupeptin, and 4 g/ml aprotinin (Roberson et al., 1999) and normalized for protein content using a Bradford assay. The samples from the experimental and control groups were loaded and run on a 10% acrylamide gel (Bio-Rad Laboratories). Gels were then blotted electrophoretically to nitrocellulose membranes (Bio-Rad) with a transfer tank (transfer buffer: 192 mM glycine, 25 mM Tris at pH 8.3) maintained at 4°C. They were then blocked for an hour at room temperature in blocking buffer (10 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.05% Tween 20, 5% powdered milk, and 1 mM sodium orthovanadate). The nitrocellulose membrane was incubated with either phospho-DARPP-32 or phospho-p38 MAPK antibodies (Cell Signaling Technology) at a dilution of 1:500, followed by incubation in anti-rabbit secondary antibody (Cell Signaling Technology) at a dilution of 1:500 -1000, and visualized by enhanced chemiluminescence (ECL; Fisher Scientific) and film exposure (blue basic autorad film; ISC BioExpress). The membrane was then reprobed using anti-␤-tubulin III antibody (1:20,000; Sigma), followed by incubation in anti-mouse secondary antibody (Invitrogen) at a dilution of 1:20,000. To detect levels of total DARPP-32 or p38 MAPK, the nitrocellulose membrane was stripped (Restore PLUS Western Blot Stripping Buffer; Fisher Scientific) and reprobed using anti-DARPP-32 or p38 MAPK antibodies (1:500; Cell Signaling Technology), followed by incubation in anti-rabbit secondary antibody at a dilution of 1:500 -1000. Densitometric analysis of visualized bands was conducted with a desktop scanner and National Institutes of Health ImageJ software, and normalized to ␤-tubulin III immunoreactivity. All densitometric analysis measured bands from three different protein loading amounts and required a linear fit between signal intensity and protein amount (including the origin), so to verify that signal detection was in the linear range of the visualization protocol. Densitometry results are reported as the ratio of the slope of the linear fits under test and control conditions.
All of the values are presented as the means Ϯ SE. Statistical significance was determined by Student's t test (unpaired, twotailed) or a one-way ANOVA with subsequent Tukey's post hoc analysis.
Results

CaN downregulates HCN channel gating under normal conditions
In this study, we hypothesized that the seizure-dependent downregulation of HCN channel gating in epilepsy might be due either to CaN activation or to loss of p38 MAPK activity. Since there were no prior reports of CaN modulation of HCN channels, we first asked whether CaN affected voltage-dependent activation of HCN channel-mediated current (I h ) and neuronal excitability under normal conditions. We preincubated hippocampal slices from naive animals with FK506 (1 M), a CaN inhibitor, for a minimum of 30 min, and then performed cell-attached patch-clamp recordings in the apical dendrites of CA1 hippocampal pyramidal neurons. I h voltage-dependent activation from FK506-treated slices showed a significantly depolarized shift compared with control (half-activation voltage, V 1/2 in FK506: Ϫ78 Ϯ 2.8 mV, n ϭ 8; control: Ϫ89 Ϯ 1.3 mV, n ϭ 22, p Ͻ 0.01) (Fig. 1 A) , implying an increase in activated HCN channels at resting potential through CaN inhibition. Conversely, application of A23187 (5 M), a nonspecific CaN activator, caused a significant hyperpolarized shift in the voltage-dependent activation of I h compared with control (V 1/2 in A23187: Ϫ103 Ϯ 3.0 mV, n ϭ 10; control: Ϫ89 Ϯ 1.3 mV, n ϭ 22, p Ͻ 0.01) (Fig. 1 A) , suggesting a downregulation of HCN channel gating through CaN activation. The dendritic recording distances from the soma in FK506-and A23187-treated slices were similar to those in control slices (175 Ϯ 3.7 m, n ϭ 8; 180 Ϯ 6.9 m, n ϭ 8; 180 Ϯ 8.7 m, n ϭ 22, respectively).
I h amplitudes in pyramidal neuron dendrites, measured at hyperpolarized potentials where voltage-dependent activation was maximal (ϳϪ150 mV), were compared from FK506-and A23187-treated slices, and were not significantly different from control (FK506, 37 Ϯ 8.4 pA, n ϭ 8; A23187, 39 Ϯ 3.5 pA, n ϭ 10; control, 40 Ϯ 6.5 pA, n ϭ 22, p Ͼ 0.05 compared by one-way ANOVA with Tukey's post hoc analysis) (Fig. 1 B) , demonstrating that CaN has an effect on channel gating rather than channel density or conductance. The patch was ruptured to determine the resting potential immediately after cell-attached patch recording. The resting potentials in pyramidal neuron dendrites from FK506-and A23187-treated slices were Ϫ60 Ϯ 1.1 mV (n ϭ 6) and Ϫ64 Ϯ 1.0 mV (n ϭ 6), respectively, which were similar to control (Ϫ65 Ϯ 1.8 mV, n ϭ 11). It is likely that calcineurin affects a variety of ion channels that might influence resting potential, such as K ATP channels (Wilson et al., 2000) ; therefore modulation of CaN activity may have conflicting effects that result in little net change in resting membrane potential. Together, these results showed that CaN is a strong modulator of HCN channel gating, with CaN activation downregulating HCN channel gating in a manner opposite to its upregulation by p38 MAPK (Poolos et al., 2006) .
CaN inhibition reduces neuronal excitability via upregulation of HCN channel gating
We then determined how upregulation of HCN channel gating by CaN inhibition affected the excitability of CA1 hippocampal pyramidal neurons. Two parameters sensitive to the amount of I h active at rest, input resistance (IR) and TS of EPSP-like voltage transients, were examined through current-clamp recordings in pyramidal neuron dendrites in FK506-treated slices from naive animals. For current-clamp recordings, KMeSO4 solution was used for the pipette internal solution because K-gluconate blocks I h and some K ϩ currents (Velumian et al., 1997) . The steady-state IR was determined in response to hyperpolarizing current pulses (100 -300 pA) applied from a holding potential of Ϫ65 mV. A depolarizing "sag" in the voltage response to hyperpolarizing current indicated the presence of I h in pyramidal neuron dendrites (Fig. 2 A) (Magee, 1998) .
The IR in CA1 pyramidal neuron dendrites from FK506-treated slices was significantly lower than under control conditions (FK506, 35 Ϯ 2.8 M⍀, n ϭ 11; control, 51 Ϯ 3.4 M⍀, n ϭ 20, p Ͻ 0.01) (Fig. 2 A) , consistent with upregulation of HCN channel gating (Fig. 1 A) . To determine whether this change in IR was dependent on HCN channels, ZD7288 (20 M), a blocker of HCN channels, was applied. ZD7288 caused a similar increase in IR compared with slices treated with both FK506 and ZD7288 (FK506ϩZD7288, 135 Ϯ 16 M⍀, n ϭ 9; ZD7288, 143 Ϯ 11 M⍀, n ϭ 10, p Ͼ 0.05) (Fig. 2 A) , demonstrating that FK506 decreases IR in an HCN channel-dependent manner. We then tested whether TS of EPSP-like voltage transients was affected by CaN inhibition using dendritic current injection of ␣-function waveforms to approximate EPSPs (as described in Methods). I h reduces temporal summation of EPSPs, producing its maximal effect on TS at a frequency of ϳ20 Hz in CA1 pyramidal neuron dendrites (Magee, 1998; Poolos et al., 2002) . Trains of five ␣-function currents at 20 Hz were injected into the dendrites of CA1 hippocampal pyramidal neurons, and TS was measured as the ratio of the fifth response amplitude to that of the first. TS was significantly reduced in neurons from FK506-treated slices compared with control (FK506, 96 Ϯ 2.0%, n ϭ 11; control, 120 Ϯ 4.5%, n ϭ 20, p Ͻ 0.01) (Fig. 2 B) . ZD7288 (20 M) applied with FK506 caused a similar increase in TS compared with ZD7288 alone (FK506ϩZD7288, 181 Ϯ 10%, n ϭ 9; ZD7288, 173 Ϯ 6.9%, n ϭ 10, p Ͼ 0.05) (Fig. 2 B) , showing that the FK506-induced decrease in TS was specific to HCN channels. Finally, to determine whether inhibition of CaN decreases dendritic excitability in pyramidal neuron dendrites, we investigated the relationship between dendritic current injection and backpropagating dendritic action potential (AP) firing in control and FK506-treated slices. AP firing in CA1 hippocampal pyramidal neurons from FK506-treated slices showed significantly lower frequency compared with control for moderate levels of current injection (Fig. 2C) . The dendritic recording distance from the soma in FK506-treated neurons was similar to that in control (163 Ϯ 3.3 m, n ϭ 11; 174 Ϯ 5.1 m, n ϭ 18, respectively). These results suggest that CaN inhibition decreases IR and TS via upregulation of HCN channel gating, producing reduced dendritic excitability in pyramidal neurons.
Seizure-dependent downregulation of HCN channel gating in vivo can be replicated with an in vitro model of seizures
We had previously found that HCN channel gating downregulation during epileptogenesis in vivo was dependent on the occurrence of spontaneous seizures, but this led us to ask whether this phenomenon might be reproduced in vitro, so to determine whether HCN channel gating was sensitive to neuronal network hyperactivity per se as opposed to some other factor associated with the epileptic state. Also, an in vitro model of seizures would aid in the pharmacological dissection of the underlying mechanisms of HCN channel modulation. Thus, we combined conditions known from previous work to produce epileptiform activity in hippocampal slices (Bernard, 2006) , replacing the usual extracellular bath perfusate with one containing 0 Mg 2ϩ and 50 M bicuculline, and increasing bath temperature to 35-37°C from the usual 30 -32°C. These conditions produced spontaneous epileptiform activity consisting of extracellularly recorded (in stratum pyramidale) interictal-like spikes, which were brief (Ͻ100 ms) currents, and SLEs, which were prolonged (Ͼ20 s) discharges consisting of multiple spike events superimposed on a current sink (Fig. 3A) . These epileptiform events were similar to those seen in other in vitro models using pharmacological means (such as low extracellular Ca 2ϩ or Mg 2ϩ concentration, or elevated extracellular K ϩ concentration, [K ϩ ] o ) to produce hippocampal network hyperactivity; in these models, extracellularly recorded "interictal spikes" have correlated with burst firing of pyramidal neurons, while slow extracellular current sinks appear to result from activity-dependent increases in [K ϩ ] o (Fisher and Alger, 1984; Konnerth et al., 1986; Poolos et al., 1987; Traynelis and Dingledine, 1988) .
We quantified the occurrence of these SLEs in a population of slices exposed to the in vitro seizure protocol for an hour, versus a population subjected only to normal bath perfusate at 35-37°C for an hour ("sham protocol"). We found that 68% of slices (n ϭ 28 in total) subjected to the seizure protocol demonstrated SLEs (on aver- CaN inhibition decreases neuronal excitability in CA1 hippocampal pyramidal neurons from naive animals. All measurements were performed with resting potential held at Ϫ65 mV. A, Current-clamp recording from pyramidal neuron dendrites showed that the mean IR from FK506-treated neurons was significantly reduced compared with control (**p Ͻ 0.01). Representative traces in response to 100 pA hyperpolarizing current injection are shown. The dendritic recording distances in control and FK506-treated neurons were 180 and 170 m, respectively. IR from control and FK506-treated neurons in the presence of HCN channel blocker, ZD7288 (ZD), were increased and similar to each other, implying that the reduction in IR by FK506 was HCN channel dependent. B, TS of five 20 Hz ␣-function current injections in pyramidal neuron dendrites was also significantly reduced in FK506-treated slices compared with control (**p Ͻ 0.01). Representative traces show dendritic current-clamp recordings at 160 m in both control and FK506-treated neurons. TS from control and FK506-treated neurons in the presence of ZD7288 were increased and similar to each other, implying that the reduction in TS by FK506 was HCN channel dependent. C, AP firing from dendritic depolarizing current injections (500 ms) showed decreased excitability in pyramidal neuron dendrites from FK506-treated neurons compared with control (*p Ͻ 0.05). Representative traces show dendritic backpropagating AP firing from dendritic depolarizing current injection (500 pA) at recording distances in control and FK506-treated neurons of 170 and 160 m, respectively. age 3.2 Ϯ 0.3 per hour, n ϭ 19) as well as frequent interictal-like spiking. Slices exposed to the sham protocol of high perfusate temperature only infrequently (9% of total) showed an SLE (these were discarded from further analysis), and no interictal spiking. We then analyzed HCN channel properties in dendritic cellattached patch recordings from CA1 pyramidal neurons in slices subjected to the seizure protocol with confirmed SLEs. We compared these values to recordings taken from slices undergoing the sham protocol, in which no SLEs were observed, and to data from control, untreated slices. Similar to what was seen in vivo, dendritic recordings from slices in which SLEs were induced demonstrated a hyperpolarized shift in I h activation compared with the sham treatment group (V 1/2 in seizure group: Ϫ101 Ϯ 2.7 mV, n ϭ 20; in sham group: Ϫ91 Ϯ 1.1, n ϭ 18, p Ͻ 0.01) (Fig. 3B) . Under sham conditions, I h voltage-dependent activation was similar to control (V 1/2 in control group: Ϫ89 Ϯ 1.3 mV, n ϭ 22, p Ͼ 0.05) (Fig. 3B ). I h amplitude was similar under control, seizure and sham conditions (control, 40 Ϯ 6.5 pA, n ϭ 22; seizure, 30 Ϯ 5.3 pA, n ϭ 22; sham, 41 Ϯ 5.8 pA, n ϭ 18, p Ͼ 0.05 compared by one-way ANOVA with Tukey's post hoc analysis) (Fig. 3C) , thus as in vivo, was not affected by the occurrence of seizures alone . Further, the resting potentials from neurons exposed to the seizure condition were hyperpolarized relative to control and sham conditions (seizure, Ϫ73 Ϯ 2.4 mV, n ϭ 14; control, Ϫ65 Ϯ 1.8 mV, n ϭ 11; sham, Ϫ67 Ϯ 1.0 mV, n ϭ 15, p Ͻ 0.05 for seizure vs control and for seizure vs sham, one-way ANOVA with Tukey's post hoc analysis), consistent with previous in vivo results . The dendritic recording distances from the soma in seizure and sham conditions were similar to that in control (183 Ϯ 9.4 m, n ϭ 22; 191 Ϯ 11 m, n ϭ 18; 180 Ϯ 8.7 m, n ϭ 22, respectively).
We then determined whether in vitro seizures affected the excitability of CA1 hippocampal pyramidal neurons. Currentclamp recordings in the dendrites of CA1 pyramidal neurons following the seizure-provoking conditions showed increased IR compared with control (seizure, 40 Ϯ 3.6 M⍀, n ϭ 5; control, 26 Ϯ 1.8 M⍀, n ϭ 5, p Ͻ 0.01) (Fig. 4 A) . Interestingly, there was no significant difference in TS between control and seizure conditions (seizure, 102 Ϯ 5.6%, n ϭ 5; control, 92 Ϯ 1.7%, n ϭ 5, p Ͼ 0.05) (Fig. 4 B) . However, this result is similar to previous observations in vivo from chronically epileptic animals , suggesting that changes in other voltage-gated conductances after SE may oppose the effects of downregulated HCN channels, such as the upregulation of K ϩ currents or tonic GABA A receptor-mediated currents (Park et al., 2006; Chen et al., 2010) . In contrast to TS, AP firing in CA1 hippocampal pyramidal neurons following seizure-provoking conditions showed significantly higher frequency compared with control (Fig. 4C) . Dendritic current-clamp recordings were obtained at similar distances (seizure, 204 Ϯ 8.6 m, n ϭ 5; control, 212 Ϯ 13 m, n ϭ 5, p Ͼ 0.05). Note that IR, TS, and AP firing under control conditions in Figure 4 were lower than those in Figure 2 because the recordings in Figure 4 were obtained at a more distal average distance from the soma (212 m vs 174 m) where I h density is higher. However, comparable average recording sites were sampled between test and control conditions in each experiment.
These results demonstrate that seizure-dependent modulation of HCN channels can be replicated in an in vitro model of seizures, confirming that HCN channel gating changes are due to seizure discharges per se, and not to conditions specific to the pilocarpine model of epilepsy. Just as in vivo, seizurelike events in vitro produced increased IR, no change in TS, and increased neuronal excitability. And because they can be observed as early as an hour following seizure-provoking conditions, this puts an upper limit on the time course of the development of seizure-dependent HCN channel gating downregulation.
CaN inhibition or p38 MAPK activation reverses the in vitro seizure-induced downregulation of HCN channel gating
To examine the mechanism of seizure-induced downregulation of HCN channel gating, we tested the role of CaN and p38 MAPK on HCN channel gating using the in vitro model of seizures. First, hippocampal slices were incubated with FK506 (1 M) for a minimum of 30 min following seizure-provoking conditions. I h activation following FK506 treatment was depolarized relative to the seizure condition (seizuresϩFK506, V 1/2 ϭ Ϫ88 Ϯ 3.7 mV, n ϭ 8; seizures alone, Ϫ101 Ϯ 2.7 mV, n ϭ 20, p Ͻ 0.05), and similar to control (Ϫ89 Ϯ 1.3 mV, n ϭ 22, p Ͼ 0.05) (Fig.  5A) . Thus, FK506 reversed the seizure-induced hyperpolarized shift in I h activation to control levels, but not to the . Note prolonged inward current sink and superimposed brief spike events. B, I h voltage-dependent activation following 1 h of in vitro seizure, control, and sham (1 h at 35-37°C bath temperature only) conditions. The in vitro seizure condition caused a significant hyperpolarization of I h activation relative to control or sham conditions. C, I h amplitude at maximal activation was similar across conditions. depolarized levels seen in naive slices treated with FK506 (Ϫ78 Ϯ 2.8 mV, n ϭ 8) (Fig. 1 A) , suggesting that the seizureinduced shift in HCN channel gating was not fully dependent on CaN activity.
Then, we tested the role of p38 MAPK using the in vitro model of seizures. Anisomycin (20 M) treatment following the seizureprovoking conditions reversed V 1/2 to control levels (Ϫ85 Ϯ 2.4 mV, n ϭ 8, p Ͻ 0.01) (Fig. 5B) , but not to the depolarized levels seen in naive slices treated with anisomycin (Ϫ78 Ϯ 2.1 mV, n ϭ 7) (Poolos et al., 2006) , suggesting that, as with CaN, the seizureinduced hyperpolarized shift in I h gating was not fully dependent on p38 MAPK activity. However, coapplication of FK506 and anisomycin following the seizure-provoking conditions shifted V 1/2 to levels (Ϫ80 Ϯ 1.3 mV, n ϭ 7) (Fig. 5C ) similar to that seen in naive slices incubated with both FK 506 and anisomycin together (Ϫ81 Ϯ 1.6 mV, n ϭ 7, data not shown). These results suggest that downregulation of HCN channel gating following in vitro seizure-like events may be mediated both by reduced p38 MAPK activity and by increased CaN activity as well.
Upregulation of CaN in epileptic animals
We then asked whether the pharmacological evidence for increased CaN activity as a cause of downregulated HCN channel gating following in vitro seizures was supported by biochemical evidence of increased CaN activity in vivo from epileptic animals. To measure CaN activity, we determined the phosphorylation levels of dopamine/cAMP-regulated phospho-protein-32 (DARPP-32), a direct endogenous CaN substrate (Perrino et al., 2002) , by immunoblotting with a phospho-specific antibody. To validate our detection methods, we first incubated hippocampal slices from naive animals with FK506 (1 M) for an hour, and then performed immunoblotting against phosphorylated DARPP-32 (p-DARPP-32) using CA1 hippocampal homogenates. FK506 significantly increased p-DARPP-32 levels compared with control (166 Ϯ 25% of control, n ϭ 7, p Ͻ 0.05) (Fig. 6 A) , consistent with prior results (Kurz et al., 2008) , thus validating the sensitivity of our assays to measure the phosphorylation levels of DARPP-32. Then, we determined total DARPP-32 and p-DARPP-32 levels using CA1 hippocampal homogenates from epileptic animals in the chronic period 3 weeks after pilocarpine, when virtually all animals are experiencing spontaneous recurrent seizures . All levels of total DARPP-32 and p-DARPP-32 were first normalized to ␤-tubulin III as a marker of neuronal protein content. p-DARPP-32 levels from epileptic animals showed a significant reduction compared with age-matched control animals (69 Ϯ 7.1% of control, n ϭ 5, p Ͻ 0.05) (Fig. 6A) , while levels of total DARPP-32 were unchanged compared with control (108 Ϯ 5.4% of control, n ϭ 5, p Ͼ 0.05). p-DARPP-32 levels normalized to total DARPP-32 levels were also decreased (ratio of p-DARPP-32 to total DARPP-32, 63 Ϯ 5.2% of control, n ϭ 5, p Ͻ 0.01) (Fig. 6 A) . These findings suggest that CaN activity is upregulated in chronically epileptic animals.
Downregulation of p38 MAPK in epileptic animals
We then asked whether similar evidence supported a loss of p38 MAPK activity in epileptic animals. To do so, we determined the levels of phosphorylated p38 MAPK (p-p38 MAPK) from epileptic animals because p38 MAPK activity requires phosphorylation at its Thr180/Tyr182 residues by upstream kinases (Robinson et al., 1996) . We first performed immunoblotting against p-p38 MAPK using hippocampal slices prepared from naive animals and preincubated with anisomycin (20 M) for an hour to validate our detection method for changes in p-p38 MAPK levels. Anisomycin increased p-p38 MAPK levels compared with control (198 Ϯ 11% of control, n ϭ 4, p Ͻ 0.01) (Fig. 6 B) , consistent with prior results (Kang et al., 2006) . Further, an analysis of p-p38 MAPK levels using CA1 hippocampal homogenates from epileptic animals at the chronic period 3 weeks after pilocarpine showed a reduction compared with age-matched control animals (60 Ϯ 12% of control, n ϭ 7, p Ͻ 0.05) (Fig. 6 B) , indicating that epilepsy is associated with a loss of p38 MAPK activity. Levels of total p38 MAPK were slightly increased compared with control (127 Ϯ 5.0% of control, n ϭ 5, p Ͻ 0.05), and consequently, the p-p38 MAPK level normalized by total p38 MAPK level was further decreased (ratio of p-p38 MAPK to total p38 MAPK, 48 Ϯ 10% of control, n ϭ 7, p Ͻ 0.01) (Fig. 6 B) . As with CaN immunoblotting, all levels of total p38 MAPK and p-p38 MAPK were normalized to ␤-tubulin III.
We then asked whether decreased p-p38 MAPK levels in epileptic animals were caused by downregulation of the upstream p38 MAPK signaling cascade (Kang et al., 2006) . In Figure 6C , representative Western blots show that CA1 hippocampal p-p38 MAPK levels from anisomycin-treated hippocampal slices from both naive and epileptic animals were similar to each other (ratio of epileptic to naive, 104 Ϯ 21%, n ϭ 6, p Ͼ 0.05), suggesting that activation of the p38 MAPK cascade by anisomycin is intact in epileptic animals. These in vivo biochemical findings corroborate the in vitro pharmacological results, showing that the seizuredependent downregulation of HCN channel gating in epilepsy is likely mediated both by reduced p38 MAPK activity and by increased CaN activity as well.
Pharmacological reversal of HCN channel gating downregulation in pyramidal neurons from epileptic animals
The biochemical evidence of altered phosphorylation signaling in chronically epileptic animals prompted us to investigate whether pharmacologically reversing increased CaN and decreased p38 MAPK activation would also reverse the downregulation of HCN channel gating, as occurred in the in vitro model of seizures. We prepared hippocampal slices from chronically epileptic animals, three weeks after pilocarpine, and incubated them for at least 30 min in FK506 (1 M) before measuring I h activation in CA1 pyramidal neuron dendrites. As shown in Figure 7A (left), blockade of increased CaN activity with FK506 partially reversed the hyperpolarized shift in I h activation seen in chronically epileptic animals (V 1/2 in epilepticϩFK506, Ϫ94 Ϯ 2.3 mV, n ϭ 7; in epileptic, Ϫ105 Ϯ 2.7 mV, n ϭ 8, p Ͻ 0.05), although to a lesser extent than was seen in the in vitro model (Fig. 5A ). Preincubation of hippocampal tissue from epileptic animals with the p38 MAPK activator anisomycin (20 M) also partially reversed the hyperpolarized I h activation (V 1/2 in epilepticϩani, Ϫ93 Ϯ 3.1 mV, n ϭ 8; p Ͻ 0.05 compared with I h activation in chronic epilepsy) (Fig. 7A, center) . When we preincubated hippocampal tissue in both FK506 and anisomycin, the hyperpolarization of I h activation in chronic epilepsy was reversed to a greater extent than with either drug alone, nearly reaching control levels (V 1/2 in epilepticϩaniϩFK506, Ϫ90 Ϯ 2.1 mV, n ϭ 7; p Ͻ 0.01 compared with epileptic conditions) (Fig. 7A, right) , but did not reach the depolarized levels seen in the in vitro model (Fig. 5C ). I h amplitudes at maximal activation obtained from chronically epileptic animals (20 Ϯ 4.6 pA, n ϭ 8) were significantly reduced compared with control (40 Ϯ 6.5 pA, n ϭ 22, p Ͻ 0.05). I h amplitudes obtained in epileptic tissue in the presence of FK506, anisomycin, or the two drugs together were not significantly different from those in untreated epileptic tissue (epilepticϩFK506, 25 Ϯ 2.5 pA, n ϭ 7; epilepticϩani, 24 Ϯ 3.2 pA, n ϭ 8; epilepticϩaniϩFK506, 28 Ϯ 7.1 pA, n ϭ 7, p Ͼ 0.05 compared by one-way ANOVA with Tukey's post hoc analysis). The dendritic recording distances in epileptic, epilepticϩFK506, epilepticϩani and epilepticϩaniϩFK506 conditions were 168 Ϯ 4.5 m (n ϭ 8), 169 Ϯ 4.0 m (n ϭ 7), 174 Ϯ 12 m (n ϭ 8) and 170 Ϯ 5.2 m (n ϭ 7), respectively. These results suggest that in hippocampal tissue from epileptic animals, as in the in vitro model of seizures, downregulated HCN channel gating is dependent on both CaN and p38 MAPK signaling; however pharmacological reversal of the abnormal activation of these signaling pathways in epilepsy does not drive HCN channel activation to the depolarized levels seen in neurons from nonepileptic tissue, suggesting the influence of additional signaling mechanisms on HCN channel gating in epilepsy.
Since the combination of CaN inhibition and p38 MAPK activation reversed HCN channel activation nearly to control levels, we then investigated whether these conditions would also reverse the neuronal hyperexcitability seen in epileptic tissue. We preincubated hippocampal slices from epileptic animals in FK506 and anisomycin, and then obtained dendritic whole-cell currentclamp recordings. As expected, the combination of CaN inhibition and p38 MAPK activation significantly reversed the increase in input resistance seen in CA1 pyramidal neurons from chronically epileptic animals (IR in epilepticϩaniϩFK506, 47 Ϯ 2.5 M⍀, n ϭ 5; IR in epileptic, 67 Ϯ 6.3 M⍀, n ϭ 10; p Ͻ 0.05) (Fig.  7B ) to control levels (51 Ϯ 3.4 M⍀, n ϭ 20) (Fig. 2 A) . Consistent with prior results, temporal summation of 20 Hz ␣-EPSP current injection was not significantly different in chronically epileptic tissue compared with control (TS in epileptic, 116 Ϯ 5.5%, n ϭ 10; TS in control, 120 Ϯ 4.5%, n ϭ 20, p Ͼ 0.05), and was not affected by drug application (TS in epilepticϩaniϩFK506, 121 Ϯ 6.0%, n ϭ 5; p Ͼ 0.05) (Fig. 7C) . We then measured action potential firing from dendritic current injection and found that the hyperexcitability seen in epileptic tissue was restored to control levels by application of FK506 and anisomycin together (Fig. 7D) . The dendritic recording distances in epileptic and epilepticϩaniϩFK506 conditions were 177 Ϯ 6.1 m (n ϭ 10) and 162 Ϯ 8.0 m (n ϭ 5), respectively. The restoration of excitability to control levels was interesting, since in chronic ep- ilepsy, HCN channel function in pyramidal neurons is compromised both by gating downregulation and an ϳ60% loss of HCN channel density . Because drug application reverses HCN channel activation nearly to control levels, but does not alter the current through HCN channels at maximal activation ( Fig. 1 B) (Poolos et al., 2006) , this suggests that combined CaN inhibition and p38 MAPK activation have additional actions on neuronal excitability aside from their effects on HCN channel gating, consistent with previously reported actions of these phosphorylation pathways on various ion channels (Herzig and Neumann, 2000; Misonou et al., 2004; Wittmack et al., 2005; Jin and Gereau, 2006) . However, these results do give support to the idea that pharmacological reversal of abnormal phosphorylation signaling can restore neuronal hyperexcitability to normal levels, and thus could potentially exert beneficial antiepileptic effects.
Discussion
Our prior work demonstrated that during epileptogenesis in the pilocarpine model of epilepsy, HCN channels underwent a progressive downregulation of their voltagedependent gating in concert with the gradual increase in seizure frequency . This change in HCN channel gating caused neuronal hyperexcitability and possibly contributed to the development or maintenance of epilepsy consistent with the "seizures-beget-seizures" hypothesis (Ben-Ari et al., 2008) . Because we and others had previously found that HCN channel gating was modulated under normal conditions by kinase and phosphatase activity, we hypothesized that the seizuredependent downregulation of HCN channel gating in epilepsy might be mediated by altered phosphorylation signaling. In the present study, we have demonstrated for the first time that the phosphatase calcineurin downregulates HCN channel gating under normal conditions. We then replicated the downregulation of HCN channel gating observed in epileptic animals using an in vitro model of seizures. The seizure-dependent downregulation of HCN channel gating was found to depend both in vitro and in epileptic tissue on CaN activation and loss of p38 MAPK activity, and we observed a concordant increase in hippocampal CaN activity and loss of p38 MAPK activity in chronically epileptic animals. Finally, pharmacological reversal of altered phosphorylation signaling restored pyramidal neuron excitability to control levels in hippocampal tissue from chronically epileptic animals. These results suggest that downregulated HCN channel gating in epilepsy is mediated at least in part by the persistent alteration of two distinct phosphorylation signaling pathways.
CaN is a strong modulator of HCN channel gating
Of the four HCN channel subtypes, HCN1 is the predominantly expressed subtype in neocortex and hippocampus (Santoro and Tibbs, 1999) . Previous studies on the role of protein phosphorylation in the modulation of HCN channel properties focused on cardiac HCN2 (Yu et al., 2004) or HCN4 subtypes (Arinsburg et al., 2006 ), while we showed that p38 MAPK bidirectionally regulated the gating of HCN channels in hippocampal pyramidal neurons (Poolos et al., 2006) . However, there are only a few reports of . CaN activity is upregulated and p38 MAPK activity is downregulated in the CA1 hippocampal area from epileptic animals. A, Application of FK506 (FK) to hippocampal slices from naive animals increased phosphorylation levels of DARPP-32 (p-D32) compared with untreated slices (control) (*p Ͻ 0.05), showing p-DARPP-32 levels are sensitive to dephosphorylation by CaN. p-DARPP-32 levels in CA1 hippocampal tissue were decreased in epileptic animals compared with control, implying increased CaN activity (*p Ͻ 0.05). The ratio of p-DARPP-32 to total DARPP-32 was further decreased (**p Ͻ 0.01). All p-DARPP-32 and total DARPP-32 levels were normalized to ␤-tubulin III (␤T3) protein levels. Representative Western blots of p-DARPP-32, total DARPP-32 and ␤T3 protein levels are shown in each condition. Statistical significance compared with control levels. B, Anisomycin (ani) treatment of hippocampal slices from naive animals caused an increase in phosphorylated p38 MAPK (p-p38) levels in the CA1 hippocampal area compared with control (*p Ͻ 0.05). p-p38 MAPK levels in CA1 hippocampal tissue were decreased in epileptic animals compared with control (*p Ͻ 0.05), implying decreased p38 MAPK activity. The ratio of p-p38 MAPK to total p38 MAPK was further decreased (**p Ͻ 0.01). All p-p38 MAPK and total p38 MAPK levels were normalized to ␤T3 protein levels. Representative Western blots of p-p38 MAPK, total p38 MAPK and ␤T3 protein levels are shown in each condition. Statistical significance compared with control levels. C, Representative Western blots show that p-p38 MAPK levels following anisomycin treatment of hippocampal slices from both naive and epileptic animals are similar to each other in the CA1 hippocampal area, implying that activation of p38 MAPK cascade by anisomycin is intact in epileptic animals.
phosphatases modulating HCN channel properties, including the upregulation of cardiac HCN channels by inhibition of PP1 and PP2A (Yu et al., 1995) or the downregulation of HCN2 surface expression by a tyrosine phosphatase (Huang et al., 2008) . We have demonstrated here for the first time that HCN channel gating in hippocampal pyramidal neurons is bidirectionally modulated by the serinethreonine phosphatase CaN (PP2B), with phosphatase activation downregulating HCN channel gating, and phosphatase inhibition upregulating it. The actions of p38 MAPK and CaN are consistent in that increased phosphorylation upregulates HCN channel gating while decreased phosphorylation downregulates it. These results show that a kinase and a phosphatase play opposing roles in modulating the properties of HCN channels in CA1 hippocampal pyramidal neurons, broadening the possible signaling mechanisms that may mediate the activity-dependent regulation of HCN channel function.
Seizure-dependent changes in HCN channel gating are replicated by an in vitro model
Using methods to provoke electrographic SLEs in hippocampal slices from naive animals, we were able to reproduce in vitro the downregulation of HCN channel gating and concomitant increase in pyramidal neuron excitability that was observed in an in vivo model of epilepsy as a consequence of spontaneous seizures . This suggests that the in vivo alteration of HCN channel gating is a result of episodic neuronal network hyperactivity manifested by seizures, and not of some other factor associated with the epileptic state. The modulation of dendritic HCN channel properties by in vitro SLEs occurs rapidly (within a maximum of ϳ1 h), suggesting that this process most likely represents a posttranslational modification of existing HCN channels as opposed to the altered transcription of HCN channel subunits and export to the dendrites that occurs in later phases of epileptogenesis (Brewster et al., 2002) . This is consistent with other studies that have demonstrated posttranslational modulation of ion channel properties by in vitro seizure-like conditions, such as the upregulation of Kv2.1 gating mediated by CaN-dependent dephosphorylation (Misonou et al., 2004) , or changes in the surface expression of Kv4.2 channels (Kim et al., 2007) and GABA A receptors (Goodkin et al., 2008) .
Phosphorylation signaling is altered in chronic epilepsy
Because of the results here and in prior work demonstrating the sensitivity of HCN channel gating to phosphorylation signaling, we tested the dependence of seizure-provoked changes in HCN channel gating to modulators of CaN and p38 MAPK. In the in vitro seizure model, the downregulation of HCN channel gating was partially reversed by either CaN inhibition or p38 MAPK activation, and fully reversed by the two together. In hippocampal neurons from chronically epileptic animals, CaN inhibition and p38 MAPK activation produced less pronounced effects than in the in vitro model, suggesting that other signaling pathways may contribute to downregulated HCN channel gating in vivo. Our immunoblotting analysis, however, did show increased CaN activity as well as decreased p38 MAPK activity in the CA1 hippocampus from chronically epileptic animals, corroborating our pharmacological experiments. The decrease in p38 MAPK activation occurred in conjunction with a small increase in total p38 MAPK expression, implying that altered activity of this phosphorylation pathway was due to a loss of activation by upstream signaling processes, not to altered levels of protein expression. Stimulation of the MAPK signaling cascade with anisomycin produced equivalent activation in epileptic tissue compared with tissue from naive animals, suggesting that this signaling pathway is functionally intact, and that a deficit exists either upstream of where anisomycin activates MAPK signaling, or in non-MAPK pathways (Kang et al., 2006) .
These results provide novel evidence implicating persistent alteration of the CaN and p38 MAPK pathways in chronic epilepsy. Previous studies have examined only acute upregulation of CaN activity shortly after the induction of seizures by pilocarpine treatment (Kurz et al., 2001 ), or after hypoxia-induced seizures (Sanchez et al., 2005) , while studies of acute changes in p38 MAPK activity after seizures have been more equivocal, showing either downregulation (Mielke et al., 1999) studies showing alterations of phosphorylation pathways in acquired epilepsy models, such as the mammalian target of rapamycin (mTOR), CaMKII, and ERK MAPK pathways (Churn et al., 2000; Bernard et al., 2004; Buckmaster et al., 2009; Zeng et al., 2009) .
Implications for epilepsy and areas of uncertainty
A number of studies have demonstrated that HCN channels act to attenuate the intrinsic excitability of principal neurons in hippocampus and neocortex (Magee, 1999; Nolan et al., 2004; Huang et al., 2009) , and that loss of expression and function of these channels occurs in epilepsy (Brewster et al., 2002; Zhang et al., 2006; Jung et al., 2007; Wierschke et al., 2010 ; but see Dyhrfjeld-Johnsen et al., 2009 ). The results presented here describe novel alterations of phosphorylation pathways that occur in a model of chronic temporal lobe epilepsy, and that diminish HCN channel function. Pharmacological reversal of altered CaN and p38 MAPK signaling restored the excitability of CA1 hippocampal pyramidal neurons to control levels. This suggests that interventions that would restore HCN channel function might have the potential of antiepileptic actions, and also raises the question of whether altered phosphorylation signaling in epilepsy presents new targets for antiepileptic therapy. In the most straightforward example of this idea, inhibition of mTOR, a pathway dysregulated in tuberous sclerosis, has been found to reduce seizure frequency in an animal model of that disease (Zeng et al., 2008) . Whether p38 MAPK activation or CaN inhibition would have beneficial effects on seizures is unclear at present, given the potential number of targets affected by these pathways in addition to HCN channels. However, as additional examples of altered phosphorylation signaling in chronic epilepsy are identified, it may be possible to elucidate multiple signaling pathways that will be amenable to pharmacological intervention. There are some areas of uncertainty in this study. Phosphorylation sites on the HCN molecule for p38 MAPK and CaN have not been mapped, therefore our results do not demonstrate direct phosphorylation of HCN channels by CaN or p38 MAPK. Thus, although CaN plays a role in dephosphorylation of Kv2.1 channels (Misonou et al., 2004) , and p38 MAPK directly phosphorylates voltage-gated sodium channels (Wittmack et al., 2005) , we cannot rule out the alternative possibility that CaN or p38 MAPK act through unknown effectors. It is also likely that HCN channel gating is additionally modulated by other kinases and phosphatases, or via phospholipid pathways (Zolles et al., 2006; Fogle et al., 2007) . Further experiments will be necessary to evaluate these possibilities and their role in HCN channel gating downregulation in epilepsy.
